Rationale: Central congenital hypoventilation syndrome (CCHS) is a rare autosomal dominant syndrome present from birth, and characterized by depressed ventilation during sleep. Heterozygous mutations of the homeobox gene Phox2b were recently found in a very high proportion of patients. Objectives: To determine whether newborn mice with heterozygous targeted deletion of the transcription factor Phox2b would display sleep-disordered breathing. Methods: We measured breathing pattern using whole-body plethysmography in wild-type and mutant 5-day-old mice, and we classified sleep-wake states using nuchal EMG and behavioral scores. Results: We found that sleep apnea total time was approximately six times longer (8.9 Ϯ 12 vs. 1.5 Ϯ 2.2 seconds, p Ͻ 0.0015), and ventilation during active sleep was 21% lower (18.4 Ϯ 5.1 vs. 23.3 Ϯ 5.5 ml/g/second, p Ͻ 0.006) in mutant than in wild-type pups. During wakefulness, apnea time and ventilation were not significantly different between mutant and wild-type pups. Mutant and wild-type pups showed highly similar sleep-wake states. Conclusion: Although their respiratory phenotype was much less severe than CCHS, the Phox2b ؉/Ϫ mutant mice showed sleep-disordered breathing, which partially modeled the key feature of CCHS.
protein in a very high proportion of patients (2, 3, 7, 8) identified Phox2b as a key gene of CCHS. Phox2b is a master regulator of the noradrenergic phenotype and of all neuronal relays of the autonomic medullary reflex pathways (9) , including peripheral chemoreceptors and their afferent visceral pathways (10) .
Mice heterozygous for the Phox2b mutation provide a promising approach to determine the pathophysiologic mechanisms of CCHS. Homozygous mutant mice lacking Phox2b die in utero around embryonic Day 14 (11) . At least three neuronal types involved in chemosensitivity to hypercapnia and hypoxia are strictly dependent on Phox2b for their differentiation: the carotid body, the petrosal chemoreceptors that innervate it, and the nucleus tractus solitarius on which they project (10) . We recently showed that newborn heterozygous mutant mice (i.e., with only one functional allele of Phox2b), which survive apparently normally, showed a blunted response to CO 2 and augmented ventilatory decline in response to hypoxia (10) . These results provided a partial mechanistic insight into CCHS. However, the mutant mice rapidly recovered within 10 days, and a key feature of CCHS, the fact that hypoventilation predominantly occurs during sleep, was not taken into account in our previous study. This aspect is highly relevant to assess Phox2b mutant mice as a valid model of CCHS.
In this study, we hypothesized that genetic deficiency of Phox2b would lead to sleep-disordered breathing, in line with the main clinical feature of CCHS. To test this possibility, we classified for the first time in newborn mice the sleep-wake states as wakefulness, active sleep, and quiet sleep based on nuchal EMG and behavioral indices. We determined how breathing varied as a function of sleep-wake states in mutant and wildtype Phox2b 5-day-old mice. Postnatal Day 5 in mice corresponds approximately to 25 to 30 weeks' gestation in humans regarding the main aspects of brain development (12) . This is a period of severe respiratory instability in preterm infants, who represent 20% of patients with CCHS (13) .
METHODS

Animals
The generation and genotyping of Phox2b mutant mice have been reported (14) . Ten wild-type females crossed with mutant males gave birth to 22 heterozygous mutant mouse pups and 30 wild-type littermates, which were used as control pups. All the pups were tested at 5 days of age.
Protocol
Each pup was anesthetized with isoflurane according to a method recently developed to induce effective anesthesia (i.e., the abolition of the response to noxious stimuli) and rapid recovery (10 minutes) (15) . Each pup was implanted with electrodes for EMG and placed inside the plethysmograph for 1 hour before recording to ascertain that the pup was familiarized with the environment. After adaptation, we recorded breathing, EMG, and behavioral scores for 15 minutes, and then weighed each pup and assessed its temperature by placing a copperconstantan thermocouple at skin level in the interscapular region (16) .
Whole-Body Flow Plethysmography
Breath duration (Ttot, seconds), Vt (l · g Ϫ1 ), ventilation V e (calculated as Vt · Ttot Ϫ1 , and expressed in l · second Ϫ1 · g Ϫ1 ), and apneas (ventilatory pauses longer than twice the duration of the preceding breath) were measured noninvasively using whole-body flow barometric plethysmography as previously described (17) . Apneas were determined using an automatic classification method recently developed (18) . V e was calculated on apnea-free periods.
Nuchal EMG
Two built-in Kynar hook electrodes (0.24 mm in diameter) were inserted through the skin into the nuchal muscle and secured with adhesive tape. We placed the pup in the supine position to easily observe motor twitches of the individual limbs and coordinated movements (19) . An aluminum sheet, which served as a ground electrode, was secured to its abdomen. This sheet prevented righting while preserving limb movements. The EMG signals were collected at a sample rate of 500 Hz.
Behavioral Scoring
The experimenter visually recorded motor twitches and the coordinated movements by pressing one of two keys connected to the acquisition system (19) . Motor twitches were defined as phasic, rapid, and independent movements of one limb or the tail. Coordinated movements were defined as sustained motor activity of the limbs or the head.
Sleep-Wake States
Wakefulness, active sleep, and quiet sleep were determined off-line. An experienced analyzer examined the entire EMG recording to visually estimate the magnitude of changes of EMG and discriminate between silent, low, and high EMG. Then, the experimenter classified the entire signal as active sleep, quiet sleep, wakefulness, or undetermined state. Active sleep was characterized by silent nuchal EMG without coordinated movements, and possible occurrence of motor twitches (19) (20) (21) . Quiet sleep was characterized by low nuchal EMG not accompanied by motor twitches or movements. Wakefulness was characterized by high EMG activity associated with coordinated movements. Bouts of recordings that did not fit with any of these three definitions were classified as undetermined states.
Statistics
Breathing variables were averaged over each sleep-wake state (wakefulness, active sleep, quiet sleep), and then subjected to analyses of variance (22) , with genotype as the between-subject factor and sleepwake states as the within-subject factor.
RESULTS
Weight and Temperature
Mutant pups weighed significantly less than wild-type pups (2.9 Ϯ 0.5 vs. 3.3 Ϯ 0.6 g, respectively; p Ͻ 0.002), and had lower temperatures (32.6 Ϯ 0.6 vs. 33.0 Ϯ 0.5ЊC, respectively; p Ͻ 0.008). Temperature was not significantly related to body weight (neither as a main effect nor in interaction with genotype).
Sleep Duration and Sleep States
Recovery from anesthesia was similar in mutant and wild-type pups (additional details on the method and the results of this experiment are provided in an online supplement).
After classification into wakefulness, active sleep, or quiet sleep, the total durations of undetermined states were very small in both genotype groups (mean values in mutant pups, 1.6 Ϯ 5.1 seconds; wild-type, 1.0 Ϯ 2.3 seconds; difference, not significant [NS] ). Illustrative examples of EMG, behavioral, and respiratory tracings are shown in Figure 1 .
Sleep-wake states were very similar in mutant and wild-type pups ( Figure 2 ). The proportion of sleep time was 78 Ϯ 14% of total recording time in mutant pups versus 75 Ϯ 13% in wildtype pups (difference, NS). The proportion of active sleep was 80 Ϯ 12% of total sleep time in mutants versus 79 Ϯ 18% in wildtype pups (difference, NS). Thus, active sleep was predominant when compared with wakefulness and quiet sleep in both groups , and breathing as assessed by plethysmography in a 5-day-old Phox2B ϩ/ϩ mouse (A ) and in a 5-day-old Phox2B ϩ/Ϫ mouse (B ) during active sleep (AS), quiet sleep (QS), and wakefulness (wake). Behavioral scores were determined visually by the experimenter during recordings. AS was defined as silent EMG with MTs and QS as low EMG without MTs. Note that some MTs are visible on both the EMG and the behavioral scoring signal, with a delay caused by experimenter response latency. Wakefulness was characterized by high EMG levels with CMs. During sleep, the Phox2B ϩ/ϩ pup had regular breathing, without apneas, whereas the Phox2B ϩ/Ϫ mouse pup had irregular breathing interrupted by apneas during sleep.
( Figure 2 ). There was no difference in number, mean duration of bouts, and total duration for each state between mutant and wild-type pups (all main effects for genotype and state-bygenotype interactions, NS; Figure 2 ).
Apneas and Ventilation
Large proportions of respiratory signal free from artifacts were obtained in both mutant and wild-type pups (87 Ϯ 7 vs. 92 Ϯ 5%). This proportion was slightly lower in mutant pups (p Ͻ 0.01), probably because of larger respiratory instability.
Phox2b ϩ/Ϫ pups had a longer apnea time (as percentage of the total duration of sleep-wake states) than Phox2b ϩ/ϩ pups (main effect for genotype, p Ͻ 0.007; Figure 3 ). This difference was entirely because of their longer apnea time during sleep (genotype-by-state interaction, p Ͻ 0.001; and partial comparisons between genotype groups during active sleep, p Ͻ 0.003, during quiet sleep, p Ͻ 0.027, and during wakefulness, NS; Figure 3 ). In Phox2B ϩ/Ϫ pups, the apnea times (in seconds) during wakefulness, active sleep, and quiet sleep were as follows: 0.00 Ϯ 0.00, 7.63 Ϯ 10.70, and 1.26 Ϯ 2.80, respectively. In Phox2B ϩ/ϩ pups, the apnea times (in seconds) were 0.05 Ϯ 0.20, 1.29 Ϯ 1.80, and 0.27 Ϯ 0.67. The analysis of absolute apnea time yielded similar statistical results as those of percentage of time (main effect for genotype, p Ͻ 0.002; genotype-by-state interaction, p Ͻ 0.0003; and States were highly similar in Phox2b ϩ/Ϫ (n ϭ 22) and Phox2b ϩ/ϩ (n ϭ 30) 5-day-old mice. Genotype-related differences were not significant. In both groups, bouts of quiet sleep were more numerous (A ) but shorter (B ) compared with AS and wakefulness. AS was longer than QS and wakefulness either in absolute duration (C ) or in proportion of recording time (D ). ***p Ͻ 0.0001. Values are means Ϯ SEM.
partial comparisons between genotype groups, during active sleep, p Ͻ 0.0023, during quiet sleep, p Ͻ 0.066, and during wakefulness, NS).
Interindividual variability of apnea time was much larger in mutant than in wild-type pups (Figures 3 and 4) . Furthermore, six mutant pups (of 22) showed apnea times outside the range of wild-type values. To examine whether this variability reflected a nonspecific developmental delay, we searched for relationships between body weight and apnea time. Analysis of covariance with weight as a cofactor and genotype as a between-subject factor revealed that weight was weakly correlated with apnea time in mutant (r ϭ 0.37) but not in wild-type pups (genotypeby-weight interaction, p Ͻ 0.046; Figure 4 ). Apnea time was not significantly related to body temperature.
Compared with wakefulness values, the mean V e decline during sleep (both states included) was 44 Ϯ 17% in mutant pups and 30 Ϯ 18% in wild-type pups (p Ͻ 0.008). The lower V e of Phox2b ϩ/Ϫ pups was because of a smaller V e during active ; the difference for Vt was not significant. As a rule, the pups that showed large V e decreases from wakefulness to active sleep were those with longer apnea times in both groups (Spearman's rank correlation test, p Ͻ 0.015 and p Ͻ 0.005, respectively).
To examine whether the V e decline during sleep was related to developmental delay or to impaired metabolism, we conducted separate analyses of covariance with weight and body temperature as cofactors and genotype as a between-subject factor. We found that weight had no significant effects ( Figure  5 ). The V e decline was significantly related to body temperature (p ϭ 0.0001), although this effect was not significantly different in mutant and wild-type pups (genotype-by-temperature interaction, NS; Figure 5 ).
Then, we analyzed breathing variables in weight-matched groups of mutant and wild-type pups, using the "nearest available" method (23) , with a maximal difference of 0.1 g (Table  1 ). Matching on weight produced two subsamples of 16 mutant and wild-type pups, which had closely similar body temperatures (Table 1) . Sleep-wake states were practically identical in the two subgroups. Phox2b ϩ/Ϫ pups had a longer apnea time than weight-matched Phox2b ϩ/ϩ pups (main effect for genotype, p Ͻ 0.035) because of their longer apnea time during active sleep (genotype-by-state interaction, p Ͻ 0.023; and partial comparisons during active sleep, p Ͻ 0.029; Table 1 ). Finally, we matched mutant and wild-type pups on body temperature (maximal difference, 0.2ЊC). Phox2b ϩ/Ϫ pups had a longer apnea time than temperature-matched Phox2b ϩ/ϩ pups (main effect for genotype, p Ͻ 0.018) because of their longer apnea time during active sleep (genotype-by-state interaction, p Ͻ 0.011; and partial comparisons during active sleep, p Ͻ 0.024; Table 1 ). Taken together, these results showed that sleep-related disorders in mutant pups were not secondary to the lower weights and body temperature.
The coefficients of variation of V e were significantly higher in mutant than in wild-type pups in all sleep-wake states (wakefulness, 41 Ϯ 6 vs. 35 Ϯ 9%, p Ͻ 0.009; active sleep, 43 Ϯ 13 vs. 34 Ϯ 15%, p Ͻ 0.031; and quiet sleep, 47 Ϯ 14 vs. 35 Ϯ 15%, p Ͻ 0.005, respectively). This effect was caused by the greater variability of Ttot in mutant than in wild-type pups (wakefulness, 39 Ϯ 6 vs. 35 Ϯ 9%, p Ͻ 0.032; active sleep, 23 Ϯ 5 vs. 19 Ϯ 4%, p Ͻ 0.001; quiet sleep, 26 Ϯ 7 vs. 20 Ϯ 6%, p Ͻ 0.002). Wakefulness was associated with increased variability of Ttot (but not V e) compared with active and quiet sleep levels (p Ͻ 0.001 for both comparisons) irrespective of genotype (the differences in V e or Ttot variability between active and quiet sleep were not significant). Apneas were practically absent in both groups during wakefulness (Figure 3) .
Finally, we further examined the possibility that the differences in breathing variables between mutant and wild-type pups were caused by delayed recovery from anesthesia in mutant pups (not revealed by behavioral tests; see Figure E1 in the online supplement). To check this possibility, we analyzed exploratory data collected in a few pups (five mutant and eight wild-type) over 15 minutes after the study period. The difference in V e decline between mutant and wild-type mice was similar to previous results in the overall sample (43 Ϯ 24 vs. 21 Ϯ 25%). The total apnea time (all during active sleep) was 5.47 Ϯ 6.75 versus 0.66 Ϯ 1.50 seconds. Both results constitute further evidence that sleep-related respiratory disorders were not caused by residual effects of anesthesia.
DISCUSSION
The aim of this study was to determine whether newborn mice with targeted deletion of the transcription factor Phox2b, which was found to be mutated in patients with CCHS, would display sleep-disordered breathing. We found that mutant Phox2b ϩ/Ϫ newborn mice showed longer apnea time during sleep than their Phox2b ϩ/ϩ wild-type littermates, and lower ventilation during active sleep. There was no difference in sleep-wake state durations between mutant and wild-type pups. Thus, Phox2b ϩ/Ϫ mice showed sleep-related respiratory disorders, which partially model CCHS.
Sleep-Wake States
The classification of states into wakefulness, active sleep, and quiet sleep has not been previously described in newborn mice. The method for sleep-wake states classification used in our investigation was derived from previous studies in newborn mammals (20) , including rats (19, 21, 24) . In newborn rats, nuchal muscle tone, coordinated movements, and motor twitches have proved reliable for identifying sleep-wake states between postnatal day 2 and postnatal day 8 (21) . Using these criteria, we found that the proportions of sleep time with respect to recording time and the proportion of active sleep with respect to sleep time were closely similar to those reported in 2-and 8-day-old rats (21) . In particular, active sleep was predominant, reaching approximately 80% of sleep time, which is close to the values reported in human preterm infants (25) . These similarities support the validity of our sleep-wake classification method.
One limitation of our study is that we placed the pups in the supine position to observe motor twitches and coordinated movements while minimizing movement artifacts on the EMG (19) . A recent study in newborn rats showed that supine position did not affect sleep-wake states (21) . On the other hand, restraining the animals, even loosely, may have affected breathing pattern, as shown in adult mice (26) . Thus, the differences in breathing pattern between mutant and wild-type pups in the supine position in our study may be partly ascribable to different responses to restraint.
In this study, the classification of sleep-wake states was done before knowledge of genotypes, thus precluding any bias in genotype-group comparisons. The fact that sleep-wake states were normal in mutant pups suggested that apparently the dam-age was not shared between breathing control and sleep-wake states mechanisms. However, we cannot rule out that qualitative differences within a given sleep-wake state existed between mutant and wild-type pups.
Sleep-disordered Breathing in Phox2b
؉/Ϫ Pups
The absolute values of Vt and V e obtained by whole-body plethysmography may be biased by possible genotype-related differences in body temperature inside the plethysmograph (not measured). However, the present results are mainly based on Ttot and apnea values, which are validly measured by wholebody plethysmography. Ttot variability was greater in mutant than in wild-type pups irrespective of sleep-wake states, whereas apnea time was longer in mutant pups during sleep only. Thus, breathing variability and apnea durations provided complementary information. The temperature of the plethysmograph chamber was maintained at 32.8ЊC. The temperatures measured by inserting a probe in several litters of newborn mice in contact with the mother were 32ЊC (32) . Thus, it is unlikely that the pups suffered from thermal stress. Sleep apnea time was longer in mutant pups, and ventilation during active sleep was approximately 20% lower in mutant than in wild-type pups. These impairments may be caused by the decrease of the tonic drive to breathe provided by chemosensitive sites acting predominantly during sleep (27, 28) . Central chemoreceptors are distributed at many locations within the brainstem (29) . In rats, the CO 2 -sensitive neurons of the caudal medullar raphe act during sleep only (28) and those of the rostral nucleus tractus solitarius are more effective during sleep than wakefulness (27) . Other CO 2 -sensitive sites (locus ceruleus and area postrema [30, 31] ) and the afferent pathways from carotid bodies, which contribute to CO 2 sensitivity, also depend on Phox2b for their development (10) . However, the activity of these sites has not been studied with respect to sleep-wake specialization.
In addition to respiratory disorders, we found that Phox2b ϩ/Ϫ mutant pups weighed less and had lower temperatures than their wild-type littermates. In mutant pups, sleep-related respiratory disorders and body temperature were correlated. These abnormalities, and the dilated pupils of adult Phox2b ϩ/Ϫ mice described by others (33) , suggest a widespread autonomic disorder, with variable severity among individuals, as reported in patients with CCHS (5, 6, 13) . This spectrum of autonomic symptoms is consistent with the broad range of autonomic nervous system targets of mutations affecting Phox2b, which is the master regulator of the noradrenergic phenotype and of all neuronal relays of the autonomic medullary reflex pathways (9) .
Both apnea time and the V e decline during sleep were weakly correlated with body weight and temperature in mutant pups. However, mutant pups had longer sleep apnea times than weightand temperature-matched wild-type pups (a similar trend was observed for the V e decline), establishing that sleep-related disorders in mutant pups were not secondary to the lower weights and body temperature.
We did not investigate whether rescue of the respiratory disorders in mutant pups was feasible (10) . In previous studies, Phox2b Ϫ/Ϫ embryos died shortly after midgestation but could be rescued by maternal treatment with noradrenalin agonists throughout gestation (34) . The possibility (not studied here) that the abnormal respiratory phenotype of mutant Phox2b ϩ/Ϫ pups may be amenable to rescue strategies is of considerable clinical interest.
Phox2b
؉/Ϫ Newborn Mice: A Model for CCHS?
The enhanced sleep apneas and the smaller V e during sleep, the smaller weights (45% patients with CCHS have developmental delays [13] ), and the lower temperature (one of the associated symptoms of CCHS [35] ), in addition to diminished ventilatory response to hypercapnia (10) are akin to CCHS. Furthermore, the large interindividual variability in respiratory disorders reported here is reminiscent of the large interindividual variability of respiratory disorders in patients with CCHS (1). On the other hand, the respiratory phenotype of Phox2b ϩ/Ϫ pups departed from CCHS in several aspects. First, this phenotype was much less severe than CCHS. This finding is not surprising, considering that Phox2b mutant mice survive and are fertile, whereas the outcome of patients with CCHS is extremely severe unless they receive lifelong ventilatory support during sleep. Second, the ventilatory impairments in mutant pups were more pronounced during active than quiet sleep, whereas the opposite pattern is found in patients with CCHS. Possibly, the small proportion of quiet sleep, which was because of immaturity of sleep organization in 5-day-old pups, reduced the accuracy of ventilation estimates during this stage. The brevity of the present recordings contrasts with the prolonged polysomnographic recordings obtained in patients with CCHS (36). More than 20% of patients with CCHS were born prematurely (13) . However, polysomnographic recordings in these patients were performed at later stages of sleep development, compared with the present study. How sleep-wake states affect breathing in preterm infants with CCHS early after birth has not been described and cannot be inferred from previous studies. For example, a full-term patient with CCHS monitored at 6 weeks of age displayed respiratory impairments only during periods of delta-wave sleep, which does not exist at birth (37) . The lack of polysomnographic recordings early after birth in preterm patients with CCHS is an obstacle to comparisons with present data. Other differences have been noted between the phenotype of Phox2b heterozygote mice and CCHS. Cross and coworkers (33) recently reported that mutant mice have dilated pupils, whereas ocular abnormalities in patients with CCHS are, for the most part, constricted pupils (13) . At this stage, we cannot exclude that these discrepancies stem from functional differences between the Phox2b targeted mutation in mice (which is clearly a null mutation) and the alanine expansion or homeobox distal mutations found in the Phox2b gene of patients with CCHS (13, 33, 38, 39) .
Conclusions
Genetic deficiency of Phox2b induced sleep apneas and hypoventilation in newborn mice, thus providing the first transgenic mouse model of sleep-disordered breathing of infancy. The respiratory phenotype of Phox2b ϩ/Ϫ newborn mice, together with their reduced weights and temperature, and their normal organization of sleep and wakefulness are akin to CCHS. Thus, Phox2b ϩ/Ϫ mice showed sleep-related respiratory disorders that partially model CCHS.
